The quantitative 2-deoxy[14C]glucose method was used to determine local cerebral glucose utilization in unrestrained rats responding (lever-press) for rewarding electrical stimulation to area A10 (ventral tegmental area) and in similarly implanted inactive controls. Self-stimulation was associated with significant increases in metabolic activity, highly circumscribed in the ventral tegmental area, that continued rostrally within a rather compact zone of activity through the medial forebrain bundle, extending via the diagonal band of Broca to the level of the preoptic area. In the forebrain terminal areas bilateral increases in local cerebral glucose utilization were noted in the nucleus accumbens, lateral septum, hippocampus, and the mediodorsal nucleus of the thalamus. Ipsilateral (i.e., side of stimulation) increases in glucose utilization were noted in the bed nucleus of the stria terminalis, the basolateral and central amygdaloid nuclei, and the medial prefrontal cortex. Caudal to the stimulation site, increases in glucose utilization were found in the midline dorsal raphe, the ipsilateral pontine gray, medial parabrachial nucleus, and the locus coeruleus. Significant bilateral increases were noted in various sensory and motor areas. These results indicate that rather than a diffuse pattern of activity, rewarding brain stimulation is associated with discrete activation of specific neuronal projection fibers and selective terminal sites.
The discovery that rats will work to receive brief trains of electrical stimulation to discrete areas of their brains (1) was soon followed by similar demonstrations in diverse species from goldfish to higher primates, including man (2) . This phenomenon has generally been interpreted as reflecting a very fundamental neurophysiological mechanism(s) of widespread and adaptive evolutionary significance (3) (4) (5) . Early attempts to delineate the critical neural circuitry that mediates the reinforcing or rewarding aspects of this behavior yielded little specific information (6, 7) . Subsequent studies, however, suggested an important relationship between certain ascending catecholaminergic pathways and this behavior (8, 9) . In particular, cogent evidence has been adduced for a critical, albeit nonexclusive, role for ascending dopaminergic fibers in the mediation of self-stimulation derived from cell bodies in the ventral tegmental area (VTA) (9) , corresponding to area A10 of Dahlstrom and Fuxe (10) . Because of the ability of the 2-deoxy[14C]glucose autoradiographic method to assess local metabolic and functional neural activities simultaneously throughout the entire brain (11) , it was used in this study to examine the overall pattern of sensory, motor, and integrative neural activity during rewarding selfstimulation to the VTA.
MATERIALS AND METHODS
Male albino Sprague-Dawley rats (-350 g) were anesthetized with chloral hydrate and stereotaxically implanted unilaterally with bipolar platinum electrodes (0.125 mm diameter) aimed at the VTA (coordinates: A + 3.4, L ± 1.0, V + 2.0 from interaural zero with skull flat in the horizontal plane). The animals were housed individually, provided access to food and water ad lib, and allowed at least 1 week for recovery before behavioral testing began. After recovery, each rat was screened for self-stimulation in a 20 x 20 cm Plexiglas box that contained a single lever in one wall. Animals that were positive for self-stimulation (n = 10) were then shaped to lever-press, with each discrete response resulting in a contingent stimulation delivered by a constant current stimulator (Nuclear-Chicago, Model 7150). The stimuli consisted of biphasic, symmetrical, rectangular waves with alternating 0.2-msec positive and negative pulses and a 0.2-msec delay between pulses. These stimuli were delivered at 100 Hz in 400-msec trains, and the current was monitored by an oscilloscope. After screening, the animals were randomly assigned to either the experimental (stimulated) or the control (unstimulated) group. During a 3-to 5-day responsestabilization training period, the experimental group was allowed to self-stimulate at 200-250 ,uA to a stable rate of 60-80 responses per min, whereas in control animals self-stimulation was extinguished by placing the animals in the box with the electrode lead attached but with the lever disconnected from the stimulator. In a pattern typical of behavior maintained by brain-stimulation reward, the control animals emitted no lever-pressing behavior after the initial extinction day (12) .
On the experimental day, each rat was lightly anesthetized with halothane/nitrous oxide and implanted with femoral arterial and venous polyethylene catheters that exited the skin at the nape of the neck. Thus, the animals were free to move and respond in the chamber during the experimental session.
After surgery, the animals were allowed 3-4 hr to recover. Self-stimulating and unstimulated animals were placed in the chamber, and the self-stimulation group began lever pressing for 10 min prior to the injection of an intravenous pulse of 2-deoxy[1-14C]glucose at 125 ,uCi/kg [specific activity, 50-55 mCi/mmol; 1 Ci = 37 GBq (New England Nuclear)], which initiated the procedure for the measurement of local cerebral glucose utilization (LCGU). Timed arterial samples were taken for the next 45 min and analyzed for plasma deoxy-
[14C]glucose and glucose concentrations as described (11) .
In all experimental animals, lever presses per min were recorded for the first 20 min of the experimental session, and afterwards responses were recorded every 2 min, as was total number of responses during the 45-min procedure. The animals were killed after 45 min by administration of a lethal dose of sodium pentobarbital via the intravenous catheter, and the brains were rapidly removed and frozen in isopentane (-450C). The brain was then cut into 20-,um sections in a cryostat maintained at -200C to -220C. These sections Abbreviations: VTA, ventral tegmental area; LCGU, local cerebral glucose utilization. tTo whom reprint requests should be addressed.
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were dried on coverslips and exposed along with a set of previously calibrated [1?C]methylmethacrylate standards on Kodak OM-1 X-ray film for -12 days. For further details of the quantitative autoradiography see Sokoloff et al. (11) . Adjacent sections were air-dried and stained with thionin for histological identification of the structures shown in the autoradiographs.
The autoradiographs were analyzed by quantitative densitometry with a manual densitometer (Sargent-Welch) or a computerized image-processing system (13) . Optical density measurements for each structure, which was anatomically defined according to the atlas of Konig and Klippel (14) , were made in a minimum of four brain sections, both ipsilateral and contralateral to the electrode. Tissue 14C concentrations were determined from the optical densities of the autoradiographic representations of the tissues, and a calibration curve was obtained by densitometric analysis of the autoradiographs of the calibrated standards. LCGU in each structure was then calculated from the tissue 14C concentration, This increase in LCGU was clearly visible on the autoradiographs as a well-circumscribed dark zone that continued rostrally as a compact band of activity through the lateral aspect of the medial forebrain bundle, extending via the horizontal limb of the diagonal band of Broca to the level of the preoptic area. Caudal to the stimulation site, enhanced LCGU could be seen as a band of activity congruent with the pars compacta of the substantia nigra. This activation pattern seemed to reflect discrete fiber activation, consistent with the anatomical overlap of ascending substantia nigra and VTA fibers, rather than diffuse current spread within the ventral mesencephalon (Fig. 2) .
LCGU: Forebrain Terminal Structures. Self-stimulation consistently resulted in marked increases in LCGU within particular forebrain structures (Table 2 ). Significant bilateral increases above the levels in the control animals were found in the lateral septum and in both the medial and lateral divisions of the nucleus accumbens. Ipsilateral to the stimulation, increased LCGU was evident in the bed nucleus of the stria terminalis and the basolateral and central amygdaloid nuclei (Fig. 2) . Within the neocortical terminal fields of the VTA, significant increases in LCGU were found only in the medial prefrontal cortex, predominantly in layer VI (Fig. 3) (14) . Glucose Results represent gmol per 100 g per min (mean ± SEM; n = 5). *P < 0.01, two-way analysis of variance, stimulated vs. unstimulated. tP < 0.01; ttp < 0.05, Bonferroni t-statistic, stimulated vs. unstimulated. tP < 0.01; #*P < 0.05, Bonferroni t-statistic, ipsilateral vs. contralateral stimulated.
metabolic activation (as well as in the forebrain areas) was highly consistent in all self-stimulating animals (Table 3) .
LCGU: Sensory-Motor Structures. Bilateral increases in LCGU were noted in a number of thalamic sensory-motor nuclei as well as in cerebellar, somatosensory, and motor cortices. Similar effects were noted in both the red nucleus and the globus pallidus. In contrast, no significant increases in LCGU were detected in the white matter of the corpus callosum and internal capsule (Table 4) .
DISCUSSION
This application of the quantitative 2-deoxyglucose method to freely moving animals working for rewarding brain stimulation to the VTA provides evidence that this behavior is associated with discrete activation of projection fibers and selective terminal fields of the VTA rather than a diffuse pattern of altered activity throughout the central nervous system due to nonspecific arousal.
The pattern of changes in LCGU rostral to the VTA is consistent with the evidence of an important role for dopaminergic systems in VTA self-stimulation (8) . The highly circumscribed activation at the electrode site within the VTA, which continues rostrally within a rather compact zone of activity, is congruent with the well-described meso-telencephalic dopamine fibers that project dorsally and rostrally via the lateral aspect of the medial forebrain bundle and extend along the diagonal band of Broca to the level of the preoptic area (16) . Furthermore, the pattern of activation in the forebrain terminal areas corresponds with the topography and innervation pattern of medially located dopamine cells in the VTA, as determined by histochemical mapping (17, 18) and retrograde and anterograde tracing techniques (19, 20) . These anatomical studies have shown that these VTA A10 cells project rostrally to selectively innervate medial telencephalic structures, such as the lateral septum and nucleus accumbens, before proceeding rostrally to terminate in the deep layers (V and VI) of the anteromedial prefrontal cortex while avoiding more lateral structures such as the striatum (for review, see ref. 21 ). The metabolic increases within the basolateral and central amygdaloid nucleus are also congruent with the dopaminergic innervation of these nuclei, as verified by histochemical (16) and autoradiographic techniques (22) . The increase in LCGU in the bed nucleus of the stria terminalis may be related to both direct dopamine innervation from the VTA and possible transynaptic input from the central nucleus (23) . The bilateral activation in the hippocampus may also be due to indirect non-dopamine transynaptic inputs, possibly originating from the raphe nuclei. The pattern of metabolic activation caudal to the stimulation site corresponds to the descending efferents from the VTA that terminate in the ventral half of the central gray substance, including the dorsal raphe, parabrachial area, and the locus coeruleus (19) . (24) on the basis of bilateral comparison of tracer concentrations in corresponding regions ipsilateral and contralateral to the stimulation. In contrast, by making direct quantitative comparisons between rates of glucose utilization in self-stimulating animals and unstimulated controls, both ipsilateral and contralateral to the electrode site, the present study was able to identify consistent widespread yet highly selective metabolic activation of structures extending rostrally from the pontine locus coeruleus to the medial prefrontal cortex. These results indicate that the overall pattern of cerebral metabolic activity associated with the behavioral pattern of self-stimulation to the VTA involves the activation of a discretely organized neural system with representation at all levels of the neuraxis. Furthermore, recent work by Porrino et al. (25) indicates that this pattern of neural activity in self-stimulating animals is distinctly different from that seen when nonresponse contingent stimulation is delivered by the experimenter (at rates and current parameters comparable to those used in the present study) to VTA placements that had previously been shown to support self-stimulation at these same parameters.
Because the self-stimulation phenomenon is generally viewed as a basic model of goal-oriented behavior, it has been the focus of intensive psychobiological study since its discovery. Its neural substrate has, however, remained elusive. The present findings indicate that the 2-deoxyglucose method, which has proven to be a sensitive tool in the analysis of sensory and motor activity, may also prove to be useful in the analysis of the integrative neural activity subserving instrumental behavior.
